The abnormal retinal neurotransmission observed in Duchenne muscular dystrophy (DMD) patients and in some genotypes of mice lacking dystrophin has been attributed to altered expression of short products of the dystrophin gene. We have investigated the potential role of Dp71, the most abundant C-terminal dystrophin gene product, in retinal electrophysiology. Comparison of the scotopic electroretinograms (ERG) between Dp71-null mice and wild-type (wt) littermates revealed a normal ERG in Dp71-null mice with no significant changes of the b-wave amplitude and kinetics. Analysis of DMD gene products, utrophin and dystrophin-associated proteins (DAPs), showed that Dp71 and utrophin were localized around the blood vessels, in the ganglion cell layer (GCL), and the inner limiting membrane (ILM). Dp71 deficiency was accompanied by an increased level of utrophin and decreased level of b-dystroglycan localized in the ILM, without any apparent effect on the other DAPs. Dp71 deficiency was also associated with an impaired clustering of two Mü ller glial cell proteins-the inwardly rectifying potassium channel Kir4.1 and the water pore aquaporin 4 (AQP4). Immunostaining of both proteins decreased around blood vessels and in the ILM of Dp71-null mice, suggesting that Dp71 plays a role in the clustering and/or stabilization of the two proteins. AQP4 and Kir4.1 may also be involved in the regulation of the ischemic process. We found that a transient ischemia resulted in a greater damage in the GCL of mice lacking Dp71 than in wt mice. This finding points at a crucial role played by Dp71 in retinal function.
INTRODUCTION
Dystrophin was first described as a large protein of 427 kDa, with partial amino acid sequence homology to the spectrin family of membrane cytoskeletal proteins (1) . It consists of four structural domains: (i) an N-terminal actin-binding region with homology to a-actinin; (ii) a rod structure with 24 spectrin-like repeats; (iii) a cysteine-rich domain with calcium-binding motives; and (iv) a unique C-terminal domain. The cysteinerich and C-terminal domains interact with the plasma membrane via a glycoprotein complex (2, 3) . Dystrophin is normally present under the sarcolemma of the skeletal muscle as a part of a large protein complex, which forms a linkage between the cytoskeleton, the sarcolemma, and the extracellular matrix (4) . It was suggested that it is also involved in the clustering of voltage-gated sodium channels, NO synthase and AQP4 (5) (6) (7) .
The defective expression of muscle dystrophin results in Duchenne muscular dystrophy (DMD), an X-linked genetic disease characterized by progressive muscle degeneration, leading to death (8) . Dystrophin isoforms are also expressed in cardiac and smooth muscle (9) and, at lower levels, in the brain (10) . In addition to the full-length dystrophin isoforms, activation of several internal promoters of the DMD gene controls the production of developmentally regulated short products named Dp260 (11) , Dp140 (12) , Dp116 (13) and Dp71 (14) (15) (16) , in reference to their respective molecular weights. Both full-length dystrophin isoforms and the short products are expressed in the nervous system, including brain and retina, where they have a selective distribution within specific brain regions and retinal layers (17) (18) (19) .
Non-muscular manifestations of DMD have also been described, including cognitive impairments and an abnormal retinal electrophysiology. The abnormal electroretinogram is the best characterized of all the non-muscular manifestations of DMD. Analysis of the dark-adapted (scotopic) electroretinogram (ERG) revealed a reduction in the amplitude of the b-wave response in 80% of DMD patients, as well as in the dystrophic mouse mdx 3cv (20, 21) . Studies of the scotopic ERGs recorded in DMD patients and in X-linked muscular dystrophy mouse strains manifest a genotype-phenotype correlation, based on the DMD gene products affected by the mutation (22) (23) (24) (25) (26) . DMD patients with normal ERGs usually display mutations located 5 0 of the initiation site of Dp260 transcript. Patients with more distal mutations predominantly show an abnormal ERG. This suggests that Dp260 is primarily involved in the generation of the b-wave, and that Dp71 expression is not sufficient to maintain a normal b-wave when dystrophin, Dp260 and Dp140 are missing (27) . However, in mdx mouse strains, the genotypephenotype correlation seems to be somewhat different. In mdx strains with mutations at the 5 0 end of the gene (mdx and mdx 5cv ) which affect only dystrophin, normal ERGs were recorded. Mice with mutations in the middle of the gene, affecting either dystrophin and Dp260 (mdx 2cv ) or dystrophin, Dp260 and Dp140 (mice lacking exon 52 of the dystrophin gene and mdx 4cv ), show an increased implicit time of the b-wave but no significant reduction in its amplitude (24, 25) . The mdx 3cv strain has a mutation close to the 3 0 end of the dystrophin gene, affecting all the DMD gene products; the ERGs of such mice show both increased implicit time and attenuation of the b-wave amplitude (21) . The ERG phenotypes of the mouse strains mentioned above are compatible with a possible involvement of the three DMD gene short products, Dp260, Dp140 and Dp71, in retinal electrophysiology.
Müller cells are the major glial cell type of the retina. They are thought to play a major role in keeping the homeostasis of the retina, particularly of potassium ions, H þ ions and glutamate. The potassium flux predominantly occurs via the inwardly rectifying potassium channels, Kir4.1. In Müller glial cells from rat retina, Kir4.1 channels are colocalized with the water channel AQP4, which is thought to be responsible for the control of (trans-) retinal water transport (28) . Thus, the two proteins together may play a key role in K þ and water balance, processes that are challenged in many instances of retinal injury including ischemia. Moreover, the Müller cell-mediated potassium currents have been suggested to participate in the generation of the b-wave (29) although this view was recently questioned, as similar b-waves amplitudes were recorded in ERGs of young Kir4.1 þ/þ and Kir4.1 À/À mice (30) . It is noteworthy that significantly reduced b-wave potentials were observed in AQP4-null mice (31) .
Dp71 consists of a unique seven-residues N-terminus fused to the cysteine-rich and C-terminal domains of dystrophin (16, 32) . It is the major product of the DMD gene in the central nervous system (32) . In the mouse retina, Dp71 is localized around retinal blood vessels and at the ILM (33, 34) . In the rat retina this protein is expressed in Müller glial cells, and is involved in a protein complex including b-dystroglycan, d-sarcoglycan, a-dystrobrevin and a1-syntrophin (35, 36) . It has been proposed that this complex could be responsible for the clustering of AQP4 and Kir4.1 in specific membrane areas of the Müller cells (36) .
To elucidate the role(s) of Dp71 in the retina, we used a Dp71-null mouse strain in which Dp71 expression was specifically inactivated by homologous recombination, without interfering with the expression of other products of the DMD gene (33) . ERG analysis of Dp71-null mice and their wt littermates revealed no significant change in b-wave implicit time and amplitude. Using X-gal staining and immunohistochemistry, we substantiated the localization of Dp71 at the GCL, at the ILM and around the blood vessels, and that of Dp427, Dp260 and Dp140 in the outer plexiform layer (OPL). Experiments with cultured Müller cells showed that murine Müller cells expressed only Dp71 and utrophin. We found that the absence of Dp71 resulted in reduced levels of b-dystroglycan at the inner limiting membrane (ILM). Other DAPs tested were not affected. We also found a change in the localization of Kir4.1 and AQP4 in Müller cells. Western blot analysis revealed that the AQP4 level was markedly reduced in the retinae lacking Dp71 whereas the level of Kir4.1 was not affected. Finally, we found that, as a consequence of absence of Dp71, the ganglion cells were more susceptible to damage resulting from transient ischemia. This finding provides a direct evidence for an essential role of Dp71 in Müller cells.
RESULTS

Electroretinography of Dp71-null mice
In order to determine whether Dp71 is involved in retinal electrophysiology, we compared the scotopic ERGs of Dp71-null mice to those of wt littermates. Representative ERGs are shown in Figure 1 . Table 1 includes the mean ERG implicit times, amplitudes, b/a-wave ratios, and the results of Student's t-test. This analysis revealed normal a-wave implicit times and b-wave amplitudes and kinetics, but slightly reduced a-wave amplitude in the ERGs of Dp71-null mice. However, there was no significant difference in the b/a-wave ratio between the two strains.
The levels of Dp140 and utrophin are elevated in the retina of Dp71-null mice
To study the expression of the dystrophin gene products, retinae extracts were examined by immunoblotting using 2166, an antibody that recognizes all DMD gene products (37) . This analysis revealed the presence of four bands corresponding to full-length dystrophin, Dp260, Dp140 and Dp71 in the wildtype extracts (Fig. 2A, lane 1) . As expected, the Dp71-specific band was not detected in extracts from Dp71-null mice. Both dystrophin (Dp427) and Dp260 were present without changes in their expression level, while Dp140 was elevated in Dp71-null mice (Fig. 2A, lane 2) . The blot was also stained with an anti-utrophin-specific antibody. The level of utrophin was increased in Dp71-null mice as compared to the wt mice (Fig. 2B, lanes 1 and 2) . These results suggest an, at least partial, compensation for the missing Dp71 by utrophin and Dp140.
Localization of DMD gene products
In order to characterize the cellular pattern of expression of Dp71, we performed X-gal staining on retinae from Dp71-null mice in which the endogenous promoter of Dp71 drives b-galactosidase expression (33) . We previously showed that, during embryonic development (at 13.5 dpc, days post coitum), the inner layers of the developing retina were b-gal positive.
At this stage, the differentiated layers of the mature retina are not yet developed (33) . Staining of adult retinal slices (1-3 month old mice) revealed the expression of b-gal at the ILM, at the ganglion cell layer (GCL) and in a subset of cells at the inner nuclear layer (INL), compatible with an expression of Dp71 in the Müller (glial) cells (Fig. 3A and C) as previously reported for rat retina (36) .
Serial retinal sections from Dp71-null mice and their wt littermates were used to determine the localization of DMD and utrophin gene products. The exon 78-specific dystrophin antibody, Dys2, revealed a punctuate signal in the OPL and a staining around the blood vessels in the retina of wild-type mice. We also observed a signal at the ILM (Fig. 4A) . In Dp71-null retina, only the OPL signal was evident (Fig. 4B ). These observations further confirm the localization of Dp71 at the ILM and around the blood vessels. Other DMD gene products such as dystrophin, Dp260 and Dp140 were localized at the OPL. A possible low-level expression of these proteins in other cell layers cannot be excluded.
Immunostaining with the K7 antibody is shown in Figure 4C and D; this antibody recognizes exclusively utrophin gene products. In contrast to Dys2, the K7 immunolabel did not involve a punctuate staining in the OPL of wild-type retinae; rather, the signal was localized around the blood vessels and at the ILM. In the Dp71-null retinae, the labeling intensity at the ILM and around blood vessels was even increased. This suggested that both utrophin and Dp71 were present at the ILM, possibly in the Müller cell endfeet. To elucidate this point, we studied the mRNA levels of each of the DMD gene products and of utrophin in Müller cell cultures obtained from Figure 1 . Representative Ganzfeld electroretinograms recorded with full frequencies from wild-type littermates (wt; left) and Dp71-null mice (right). Implicit times (ms) were measured from the stimulus marker to the peak for the a-waves and b-waves, respectively. The b-wave amplitude and kinetics in mice from Dp71-null strain were indistinguishable from those of wt strain; however, the Dp71-null mice showed a significant decrease of the a-wave amplitude. wt and Dp71-null mice. We found that cultured normal Müller cells express both Dp71 and utrophin but no other DMD gene products. In cells from Dp71-null mice, we did not detect any Dp71 mRNA; there was no apparent difference in the utrophin transcript level if compared to the wild strain (unpublished data). However, western-blot analysis and immunostaining showed that the level of utrophin was higher in the retinae of Dp71-null mice than in the retinae of wt mice (Fig 2B) .
DAPs in the retina of Dp71-null mice
Previous reports have shown that the loss of dystrophin gene products results in a concomitant loss of members of the DAPs complex from the cell membrane in muscle and brain (38, 39 and our unpublished observation). In the retina of mdx 3cv mice, in which the levels of all the DMD gene products are greatly reduced, the level of b-dystroglycan was decreased at the OPL (40) . To investigate whether the absence of Dp71 alone has an effect on the levels and/or the localization of members of the DAPs complex, we immunostained retinal sections from wt and from Dp71-null mice with anti-DAPs antibodies. The anti b-dystroglycan antibody, JAF, clearly demonstrated the localization of b-dystroglycan in the OPL, at the ILM, and around blood vessels in retinal sections from wild-type mice ( Fig. 4E ) as reported previously (34, (40) (41) (42) (43) . The signal at the ILM was reduced in retinal sections from Dp71-null mice, while the labeling appeared normal at the OPL and around the Figure 3 . Dp71 promoter activity in the retina of adult mice. Eyes from Dp71-null mice were fixed in 4% PFA, stained with X-gal, dehydrated, embedded in paraffin and cut on a microtome. The slices were deparaffinized with xylene, rehydrated, counterstained with nuclear fast red, dehydrated again and mounted with entellan. Staining was observed mainly at the ILM-GCL (A). Control staining of a wild-type retina (B). In order to exclude the possibility of insufficient penetration of the staining solution, eyes were cut with a cryostat, and the slices were stained with X-gal (C). In addition to the ILM-GCL, staining was then also observed in the INL. ILM, inner limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; SP, segments of photoreceptors. Immunoreactivity with the Dys2 antibody revealed a signal at the ILM and around the blood vessels in wild-type retina (A), which was absent in the Dp71-null mice (B), while the signal observed at the OPL persisted. With a specific antibody against utrophin gene products, the staining obtained around blood vessels and at the ILM in wild-type retina (C) was markedly increased in the Dp71-null mice (D). The staining with b-dystroglycan antibody decreased at the ILM from Dp71-null mice (F). Top left side: the nuclear layers in a section of the same field were stained with DAPI. Scale bar, 25 mm.
blood vessels (Fig. 4F ). This suggests that Dp71 is involved in the stabilization of b-dystroglycan at the ILM. It is quite likely that the remaining b-dystroglycan is stabilized by forming a complex with utrophin, which is up-regulated in the retina of Dp71-null mice (Fig. 2B) .
It has been previously demonstrated in the rat retina that b-dystroglycan interacts with d-sarcoglycan, and that the signaling protein, a1-syntrophin, is able to form a complex with Dp71 and/or utrophin (36) . Using antibodies directed against d-and g-sarcoglycan and against a1-syntrophin, we found that the levels and localizations of these DAPs in the retina were not affected by the absence of Dp71 (unpublished data), thus suggesting the existence of a complex with other proteins than Dp71, probably with utrophin.
Altered distribution of Kir4.1 and AQP4 in Dp71-null mice It has been hypothesized that in rat Müller cells the DAPs complex may participate in the clustering of channel proteins such as the potassium channel, Kir4.1, and the water channel, AQP4, via an interaction with PSD-93 (36) . We performed immunohistochemical staining of retinal slices, in order to evaluate the effect of the absence of Dp71 on the localization of these channel proteins. In wild-type retinae, double immunolabeling with the anti-Kir4.1 and the anti-vimentin antibodies (44) shows strongly stained vimentin-positive Müller cells spanning the whole thickness of the retina from the outer limiting membrane (OLM) to the ILM (Fig. 5A-D) as previously reported (30) . Clustering of Kir4.1 was detected in the endfoot region and around blood vessels (Fig. 5C,  arrowheads) . A considerable overlap of the vimentin-and Kir4.1-staining patterns was observed close to the ILM, confirming the expression of both proteins in Müller cells. In Dp71-null retinae, the localization pattern of vimentin was not changed (Fig. 5B) . However, the Kir4.1 immunolabel was reduced at the ILM as well as around blood vessels (Fig. 5D,  arrowheads) . A rather diffuse 'overall staining' of Müller cells for Kir4.1 was observed in the retinae of Dp71-null mice.
Previous studies in retina revealed nearly identical patterns of AQP4 and Kir4.1 immunofluorescence (28). We therefore investigated whether the absence of Dp71 may have also altered the AQP4 distribution. Similar to what was found in the rat retina, in wild-type mice the pattern of staining by the anti-AQP4 antibody was only slightly different from that for Kir4.1. Both immunoreactivities were enriched at the endfeet and around blood vessels (Fig. 5I, arrowheads) . The only conspicuous difference was noted within the inner plexiform layer (IPL) where only a weak and diffuse AQP4 staining of the Müller cell fibers was detected. In Dp71-null retina, we observed a dramatic diminution of the AQP4 label around the blood vessels and a slight but distinct reduction at the ILM (Fig. 5J, arrowheads) . Thus, as in the case of Kir4.1, Dp71 may be involved in the clustering of the water channel, AQP4, in specialized areas of Müller cell membrane.
AQP4 level is reduced in the retinae of Dp71-null mice
If the levels of Kir4.1 and AQP4 in the retina of Dp71-null mice were compared with those in the retina of normal mice by western blotting, we found that the level of Kir4.1 did not change but that the level of AQP4 was greatly reduced in Dp71-null mice (Fig. 6) . These results suggest that the perturbed localization patterns of Kir4.1 and AQP4, caused by the absence of Dp71, may be generated by different molecular mechanisms that trigger, in the Müller cells, a specific reduction of the protein content of AQP4 but not of Kir4.1. It is also possible that, when AQP4 is not localized properly, it is less stable than Kir4.1.
Electrophysiological recordings of K þ currents in dissociated Mü ller cells
In order to test whether the redistribution of the Kir4.1 channels modifies the electrophysiological properties of Müller cells, whole-cell recordings were made on dissociated cells. Fifteen Müller cells from two Dp71-null mice and 13 cells from three wild-type mice were investigated. The 'resting membrane potential' (zero current potential) of the cells from Dp71-null mice was À86 AE 2 mV. These values were not significantly different from those found in wild-type mice (À88 AE 4 mV). The membrane resistance was recorded in the same cells by applying a 10 mV hyperpolarizing step from the holding potential of À80 mV; it amounted to 24 AE 6 M O in cells from Dp71-null mice and to 32 AE 14 M O in wild-type cells. Again, this difference was not statistically significant. Hyper-and depolarizing voltage steps between À180 and 0 mV were applied from a holding potential of À80 mV, and the whole-cell K þ currents were measured. These experiments revealed that the overall K þ conductances were virtually unchanged in Müller cells from Dp71-null mice, as compared to those from wt mice (Fig. 7A and B) .
Membrane potential and membrane resistance depend critically on the functional expression of Kir channels (45) that can be blocked by application of Ba 2þ . We found that in the presence of 1 mM Ba 2þ , the membrane potential decreased significantly to À51 AE 8 mV in cells from Dp71-null mice and to À45 AE 7 mV in wt cells; the membrane resistance increased significantly to 752 AE 275 M O and 911 AE 496 M O, respectively (the differences between Dp71 null-mice and wt were not significant). As shown in Figure 7C and D, a large part of the membrane currents was blocked by Ba 2þ in cells from both groups of mice, demonstrating that currents through Kir channels are the dominating current type in these murine Müller cells. It can be concluded that while the absence of Dp71 affects the clustering of the channel protein Kir4.1 in specialized regions of the Müller cell membrane, it does not seem to affect the overall level and/or the opening probability of the channel protein.
Ischemia sensitivity of ganglion cells in Dp71-null mice
An elevation of the extracellular glutamate concentration is known to be an important factor in the neuronal damage associated with retinal ischemia. Retinal glutamate homeostasis may be impaired by a loss of the normal accumulation of Kir4.1 in the endfoot membrane, as (i) effective retinal K þ siphoning requires high Kir4.1 channel densities in Müller cell endfeet, (ii) increased extracellular K þ depolarizes the Müller cell membrane, and (iii) depolarization reduces the driving force for the electrogenic glutamate uptake carriers of Müller cells (cf. 'Discussion' section). Thus, we tested the susceptibility of Dp71-null mice to retinal transient ischemia. Fifteen days after pressure-induced ischemia, the retinae of both control and Dp71-null mice were compared with the nonischemic eyes of both groups of animals. As shown in Figure 8A , in all animals the retinae subjected to transient ischemia/reperfusion were reduced in thickness (particularly the inner retinal layers) and showed a decreased density of retinal ganglion cells. However, these changes were more pronounced in the ischemia-treated retinae of the Dp71 nullmice. In these retinae, even the layered structure of the retina (inner plexiform and inner nuclear layers) became disorganized at some places (Fig. 8A) . We also observed that the decrease of the retinal ganglion cell density was significantly greater in Dp71-null mice (75%) than in wt mice (À50%; Fig. 8B ). These data suggest that Dp71 plays an important role in the processes which prevent ganglion cell damage caused by ischemia.
DISCUSSION
Electrophysiology of the retina and of the Mü ller cells
The ERG is a recording of the sum electrical signal generated by the retina in response to light. Despite of intense research in the field over many years, the underlying mechanisms and the relevant cellular interactions are still not fully elucidated. In particular, the mechanism of the generation of the b-wave is controversial. The b-wave has been attributed to ON-bipolar cell currents (46) , to secondary potassium fluxes through Müller cells (mediated by the Kir4.1 K þ channel) (29, 49, 50) , and to current loops in bipolar (and amacrine) cells (51) (52) (53) (54) . Recently, the earlier-suggested contribution of Müller cellmediated K þ currents to the generation of the b-wave was seriously questioned, as virtually normal b-wave amplitudes were recorded in the ERGs of young mice lacking Kir4.1 (30) .
The abnormal ERG of DMD patients is quite unique, as it is not accompanied by any visual disturbances (27, 47, 48) . It has been suggested that, in DMD patients, the abnormal ERG is associated with mutations that disrupt the synthesis of dystrophin and of Dp260. The situation is different in mice, in which the loss of dystrophin, Dp260 and Dp140 is not sufficient to induce a reduction of the b-wave amplitude (although an increased implicit time of the b-wave has been reported) (21, 24 ). Here we demonstrate that the selective loss of Dp71 does not cause a b-wave reduction. These observations suggest that in mice the concomitant lack of dystrophin, Dp260, Dp140 and Dp71 is required to produce the abnormal ERG phenotype characterized by a delayed b-wave implicit time and a reduction of the b-wave amplitude (21) . In the Figure 5 . Immunolocalization of Kir4.1 (C and D) and AQP4 (I and J) in vertical retinal sections from wild-type littermates (wt) and Dp71-null mice. Kir4.1 and AQP4 staining is distributed throughout the whole retina but strongly concentrated at the ILM and around the blood vessels (C and I, filled arrowheads). In Dp71-null retinae, Kir 4.1 and AQP4 staining is more diffuse; note the dramatic diminution of the labeling at the ILM and around the blood vessels for both Kir4. . Analysis of Kir4.1 and AQP4 protein level in total retina from wildtype littermates (wt) and Dp71-null mice. Kir4.1 antibody recognizes a main band at $160 kDa corresponding to its tetrameric form and AQP4 antibody shows a predominant band at $30 kDa. In Dp71-null retina as compared to the wt, AQP4 level is dramatically decreased, whereas Kir4.1 level doesn't show distinguishable difference. b-Actin was used as a loading control. . To demonstrate that a large part of the membrane currents flows through inwardly rectifying K þ channels, we applied Ba 2þ (1 mM), a well-known blocker of these channels. Under these conditions (C, Dp71-null; D, wild-type), the inward currents evoked by hyperpolarizing steps were completely blocked and the outward currents at depolarizing potentials were largely reduced in both cells. Under Ba 2þ , the cells were only hyperpolarized up to À140 mV. mouse retina, the proteins dystrophin, Dp260 and Dp140 are found at the OPL where the highly specialized glutamatergic photoreceptor-bipolar cell-horizontal cell synapses are located. The dystrophin-DAPs, assembled as scaffold complexes at active zones of these synapses, may ensure the rapid and efficient release and reception of glutamate. It has already been excluded that this complex could be involved in the anchoring of the metabotropic glutamate receptor (mGluR6) in the postsynaptic ON bipolar cells, as the localization pattern of mGluR6 was not altered in mice lacking dystrophin, Dp260 and Dp140 (24) . This suggests that the DMD gene products of the OPL may be involved in the presynaptic organization and anchoring of receptors and/or channels implicated in the b-wave generation; however, direct proofs of this hypothesis are lacking.
Our results support the current view that Müller cells are not directly involved in the generation of the b-wave since a virtually normal b-wave was recorded in Dp71-null mice (Fig. 1 ) despite a redistribution of the Kir4.1 channels in the Müller cell membrane (Fig. 6C and D) , which should impair the K þ current loops through the Müller cell processes (29) . Nevertheless, it cannot be excluded that functional impairments occur in Müller cells of Dp71-null mice. We have shown here that Dp71 may be involved in scaffold complexes helping to anchor and/or localize other transmembraneous proteins that may modulate the electrical activity of the retina such as AQP4 (31) , the glutamate transporter GLAST (55) or the nitric oxide synthase (56) . Thus, the disruption of Dp71 might perturb ion and water fluxes through Müller cells that could affect the functioning of secondary and third-order neurons contributing to the generation of the b-wave (53, 54) . There might be other functional interactions between the DMD gene products located at the OPL (i.e. dystrophin, Dp260 and Dp140) and at the Müller cells (Dp71) contributing to b-wave generation, but this needs to be elucidated by further experiments. In this context, it may be of interest to note that an increased expression of utrophin in the Müller cells was found not only in Dp71 null-mice (present data) but also in mdx 3cv mice (40) characterized by a reduced b-wave. This argues against a possible direct physiological compensation of missing DMD gene products by upregulated utrophin expression, with respect to the ERG phenotype.
Furthermore, our ERG analysis revealed a slight diminution of the a-wave amplitude in the Dp71-null mice. Generally the a-wave is attributed solely to photoreceptor activity, although this has recently been questioned (57) . We have shown that dystrophin, Dp260 and Dp140 are localized at the OPL; other studies have revealed the localization of full-length dystrophin and of Dp260 in the photoreceptor cells by immunoelectron microscopy or immunohistochemistry (58) (59) (60) (61) . In the Dp71-null mice studied here, Dp140 was found to be elevated ( Fig. 2A) . We cannot yet decide whether the decreased a-wave may directly be attributed to a change in the expression level of DMD gene products, or to an (unknown) indirect effect of the Müller cells on the photoreceptors.
Dystrophin-associated protein complexes
In the retina, b-dystroglycan is localized at the OPL, around the blood vessels and at the GCL/ILM; Müller cells express sarcoglycans; a1-syntrophin is distributed within the OPL and in Müller cells (40) . We found that the absence of Dp71 resulted in a reduction of b-dystroglycan, specifically at the ILM and around the blood vessels, supporting the view that the localization of b-dystroglycan at the ILM is dependent upon the localization of Dp71, as previously proposed (34, 43) . Interestingly, the absence of Dp71 does not perturb the localization of other members of the dystrophin-glycoproteins complex (DGC), suggesting that a compensatory phenomenon may occur. Utrophin might be a candidate to play this role since it seems to be up-regulated in Dp71-null mice, and since it is exclusively expressed in the Müller cells (35) .
Previous work on rat retinal Müller cells suggested the existence of a complex composed of Dp71 and/or utrophin, b-dystroglycan, d-sarcoglycan, a-dystrobrevin and PSD-93. This complex could be involved in the clustering of transmembraneous proteins like the Kir4.1 potassium channel and the water channel AQP4 (36) . Based upon these observations made on the mdx 3cv mouse model in which all the products of the DMD gene are greatly reduced but not entirely absent (40) , it has been hypothesized that Dp71 could be critical for the clustered localization of the Kir4.1 channels (62). However, the involvement of other products of the DMD gene could not be ruled out. Moreover, it has been shown that dystrophin is responsible for an age-related reduction of AQP4 at the sarcolemmal level as well as in brain astrocytic end-feet at the capillaries of mdx mice (63) . Our observation that the clustered localization of Kir4.1 and AQP4 around blood vessels and at the ILM was perturbed by the lack of Dp71 strongly Figure 8 . Ischemia/reperfusion-induced retinal changes in wild-type littermates (wt; n ¼ 10) and Dp71-null mice (n ¼ 10). Representative micrographs of hematoxylin and eosin stained 4 mm radial sections (A) and the mean of ganglion cell survival in non-ischemic (1) and ischemic (2) eyes of wt and Dp71-null mice (B). A slight decrease of the thickness of all layers as well as a strong diminution of the number of surviving ganglion cells, was observed in wt mice. These injuries were significantly increased in Dp71-null mice. Columns and error bars represent meanAE SEM (*P < 0.05;**P < 0.01). Scale bar, 25 mm.
suggests that Dp71 is specifically involved in the patterning of Kir4.1 and AQP4 in Müller cells.
It has long been known from freeze-fracture studies that Müller cells display orthogonal arrays of intramembranous particles, highly concentrated at the endfoot region (64) . Recently it was suggested that Kir4.1 and AQP4 (both integral membrane proteins) constitute parts of these arrays (28) . It is tempting to speculate that also Dp71 and b-dystroglycan participate in the formation of functional arrays of Kir4.1 and AQP4 channels. However, since the two channels are differentially affected by the absence of Dp71, (a down-regulation occurred in the case of AQP4 but no changes were found for Kir4.1), it is possible that they are targeted and/or stabilized to the orthogonal arrays by different molecular mechanisms. This differential response to the absence of a product of the DMD gene is in agreement with previous observations for AQP4 in muscle and brain (63) , and for Kir4.1 in retina (62) . It is therefore likely that Kir4.1 and AQP4 might interact with the Dp71-b-dystroglycan complex via different DAPs. Thus, in Dp71-null retina the interaction of AQP4 with the complex may be insufficient for a stable retention in the membrane clusters, resulting in the degradation of the protein. Conversely in these mice the Kir4.1 interaction partners may stabilize the protein to the membrane but the targeting mechanism towards specific membrane compartments may be affected.
Ischemia-induced retinal damage in Dp71-null mice
In this study we show that Dp71 is not directly implicated in the generation of the b-wave of the ERG, but is involved in the stabilization of Kir4.1 channels and AQP4 water pores at specialized membrane areas of Müller glial cells. Furthermore, we observed an enhanced sensitivity against retinal ischemiareperfusion in the Dp71-null mice. It is tempting to speculate of how the lack of Dp71 in Müller cells may increase the vulnerability of retinal ganglion cells under these conditions. The general ideas about the mechanisms of ischemic retinal ganglion cell death include the generation of free radicals, an accumulation of extracellular K þ , cell depolarization, enhanced glutamate release, enhanced Ca 2þ influx, and, finally, apoptosis (65, 66) . In this context, it is important to note that one of the best-established functions of Müller cells is extracellular K þ clearance or 'K þ siphoning' (67,68). As we show here, an absence of Dp71 causes a re-distribution of Kir4.1 K þ channels in the Müller cell membrane (Fig. 5) . The normal accumulation of K þ channels in the endfoot membrane is essential for retinal K þ clearance, because Müller cells must 'eject' the excess K þ ions into the vitreous body (and into blood vessels, in vascularized retinae) (67) (68) (69) . Thus, in the Dp71-null mice where a lack of K þ channels occurs in the Müller cell endfoot membrane, any ischemia-induced extracellular K þ accumulation (e.g. due to lack of energy to maintain Na,K pump activity and/or to Na,K pump inhibition) cannot be siphoned into the vitreous, and must cause enhanced depolarization, glutamate release, Ca 2þ influx and death of ganglion cells. The situation is likely to be worsened by the fact that elevated extracellular K þ levels depolarize the cells, and, thus, impair the activity of the glial glutamate uptake carriers which are electrogenic (55) . The down-regulation and displacement of AQP4 may also participate in the molecular mechanisms causing an enhanced vulnerability of ganglion cells to transient ischemia. In particular, it is feasible that retinal edema may be involved in the degenerative processes, and may be enhanced by a disturbed function of AQP4.
In summary, the findings reported here clearly reveal that Dp71 is required for the proper localization of Kir4.1 and AQP4 channels in the membrane of Müller cells. We also provide evidence for functional retinal deficits associated with the lack of Dp71.
MATERIALS AND METHODS
Animals
The Dp71-null strain was obtained by replacing via homologous recombination most of the first and unique exon of Dp71 and of a small part of the Dp71 first intron with a sequence encoding a b-gal-neomycine-resistance chimeric protein (b-geo) (33) . This abolished the expression of Dp71 without interfering with the expression of other products of the DMD gene. Mice were identified by analysis of PCR products using the following oligonucleotide primers (Dp71F, ATGAGGGAACAGCTCAAAGG; Dp71R, TGCAGCTGAC-AGGCTCAAGA). Control immunoblot experiments were also performed in brain slices to verify the Dp71-null phenotype (unpublished data). The animals were bred in our laboratory and their littermates were used as controls for the study. All experiments were done in compliance with the European Communities Council Directives (86/609/EEC) for animal care and experimentation.
ERG
Ganzfeld ERGs were recorded from dark-adapted animals, anesthetized by an intraperitoneal injection of a mixture of hypnovel (2.5 mg/ml) and hypnomidate (0.4 mg/ml) (1 :1). The pupil of the right eye was dilated with a drop of 0.5% tropicamide (2 mg/0.4 ml) and the cornea was anesthetized with a drop of oxybuprocaine chlorhydrate (1.6 mg/0.4 ml).
Responses were recorded from the cornea using a gold electrode; ground and reference needle-electrodes were inserted subcutaneously on the head. A stimulator mounted in a Ganzfeld dome produced an integrated white-light value of 10 cd/m 2 at the plane of the eye. Ten responses separated in their representation by 60 s were averaged using a band-pass frequency of 0.1-1000 Hz. Data were digitized using the Multiliner Vision Program (Toennies, Germany). The implicit time of the a-wave (a negative potential reflecting the hyperpolarizing photoreceptor light response) and the b-wave (a positive potential reflecting contributions of bipolar, amacrine and/or Müller cells) was defined as the duration between the rise of the stimulus and the peak of the waves. The b-wave amplitude was determined from the bottom of the a-wave to the top of the b-wave. ERG measurements were analyzed by Student's t-test using Prism logiciel.
X-gal staining
Eyes from 1 to 3-month-old mice were either treated directly for whole-mount X-gal staining, or embedded in O.C.T compound and frozen in liquid nitrogen. For whole-mount staining, the eyes were washed with phosphate-buffered saline (PBS), fixed for about 1 h in 4% paraformaldehyde (PFA), and stained overnight with X-gal (70) . Sodium desoxycholate (0.01%) and NP-40 (0.02%) were added to the staining buffer. The stained eyes were post-fixed overnight in 4% PFA, dehydrated, embedded in paraffin and cut on a microtome. The slices were deparafinized with xylene (2 min), rehydrated (from 95 to 25% ethanol), counterstained with nuclear fast red (3 min), dehydrated again and mounted with entellan. The frozen eyes were first cut on a cryostat (10-15 mm) and then stained with X-gal, counterstained and mounted as described above.
Electrophoresis, western blotting and immunodetection
Murine retinae were homogenized at 4 C in 10 vols (wt/vol) extraction buffer. Protein concentrations were evaluated by quantitative Coomassie stain (71) . Protein extracts were resolved on 7% gradient polyacrylamide-SDS gels. They were then electrotransferred to Schleicher and Schuell nitrocellulose membranes (Dassel, Germany) (72) . Blots were blocked with 1% bovine serum albumin (BSA) and 3% dry milk (BIO-RAD, Herts, UK) in PBS for 1 h, then incubated with either primary antibody for 120 min at room temperature. After washing, they were probed with a HRP labeled goat anti-rabbit secondary antibody (Interchim, France). Chemiluminescence detection was finally performed using a ECLþ plus western blotting detection system (Amersham Biosciences, UK).
Tissue preparation and immunohistochemistry
After enucleation, the eyes of mice were embedded in OCT compound, and frozen in liquid nitrogen. They were vertically sliced at 7 mm thickness in a cryostat and placed on gelatincoated slide glasses. The cryosections were fixed with 4% PFA for 4 min and rinsed three times with PBS. The sections were blocked and permeabilized with 0.1% Triton, 0.1% BSA diluted in PBS for 15 min. They were incubated with primary antibodies, diluted in PBS, 0.5% BSA for 120 min. Following this incubation, the sections were washed three times with PBS. Secondary antibodies (Interchim, France) coupled to Alexa were used, diluted 1 : 500 in PBS, 0.5% BSA. Then the sections were rinsed three times with PBS, 0.5% BSA. Cell nuclei were stained using DAPI, 1 : 200 in PBS, 0.5 % BSA (Molecular Probes, Eugene, OR, USA). Sections were examined on a fluorescence microscope (Â40 objectives; Optiphot 2, Nikon, Tokyo, Japan), and/or on a confocal laser-scanning microscope (LSM 510, Zeiss, Germany).
Antibodies
The antibodies directed against dystrophin gene products Dys2 and 2166 have been previously described (40, 37) . K7 is a rabbit polyclonal antibody directed against a synthetic peptide CPNVPSRPQAM-COOH corresponding to the C-terminal end of utrophin. 2166 was kindly provided by D. Blake (UK). Antibodies against dystrophin-associated glycoprotein complex; JAF (b-dystroglycan), Nini (d-Sarcoglycan), PEP1 (g-sarcoglycan) and C4 (a1-syntrophin) were previously characterized (73) . Polyclonal anti-aquaporin-4 AQP4 was from Chemicon (CA, USA) and anti-inwardly rectifying potassium channel (Kir4.1) is a polyclonal antibody raised in rabbit from Alomone labs (Israel) and mouse monoclonal antiactin was from Chemicon international (CA, USA). RetG7 is a monoclonal antibody raised against vimentin kindly provided by D. Hicks.
Electrophysiology on isolated Mü ller cells (patch-clamp)
For electrophysiological recordings, Müller cells were freshly isolated from murine retina. For this purpose, retinal tissue was stored for 30 min in Ca 2þ /Mg 2þ -free PBS containing 0.2-0.4 mg/ml papain (Boehringer, Mannheim, Germany) at 37 C. After washing with PBS containing DNase I (160 U/ml; Sigma, Deisenhofen, Germany), the retina was triturated using a 1 ml pipette tip until single Müller cells were dissociated. Isolated cells were stored until use in minimum essential medium (Sigma, Deisenhofen, Germany) on ice. Recordings were performed in the whole-cell configuration of the patchclamp technique (74) . Cells were suspended in extracellular solution in a recording chamber mounted on the stage of a microscope (Axioskop, Zeiss, Germany) where they settled down. Control extracellular solution contained (mM): NaCl, 110; KCl, 3; CaCl 2 , 2; MgCl 2 , 1; Na 2 HPO 4 , 1; glucose, 10; HEPES-Tris, 10; NaHCO 3 , 25. It was equilibrated to pH 7.4 by continuously bubbling with carbogen gas (95% O 2 , 5% CO 2 ) during continuous perfusion at 2 ml/min. Experiments were performed at room temperature (20-24 C) . Recording electrodes were made from borosilicate glass (Science Products, Hofheim, Germany) and had resistances of 4-6 M O when filled with an intracellular solution containing (mM): KCl, 130; NaCl, 10; MgCl 2 , 2; CaCl 2 , 1; EGTA, 10; HEPES-Tris, 10; pH 7.1.
Recordings were carried out using the patch clamp amplifier Axopatch 200A (Axon Instruments, Foster City, CA, USA). Currents were low-pass filtered at 1 kHz with an eight-pole Bessel filter and digitized at 5 kHz using a 12 bit-A/D converter. Voltage command protocols were generated and data analysis was performed with the software ISO 2 (MFK, Niedernhausen, Germany). The 'resting membrane potential' (zero current potential) was recorded in the current clamp mode.
Induction of transient retinal ischemia
Adult mice (7-10 weeks old) were anaesthetized with intraperitoneal injections of pentobarbital (60 mg/kg). The pupils were dilated with 1% tropicamide and corneal analgesia was achieved with 1 drop of Neosynephrine 10%. Retinal ischemia was induced for 60 min by introducing a 32-gage needle into the anterior chamber (using a micromanipulator) of the left eye, in order to increase the pressure up to 150 mmHg (75) while the right eye served as non-ischemic control. The animals were sacrificed 14 days after reperfusion, and the eyes were enucleated for histological and morphometric studies.
Histology and morphometry
The enucleated eyes were fixed in 4% paraformaldehyde and embedded in paraffin. The posterior part of the eyes was sectioned sagittally at 4 mm thickness through the optic nerve, mounted and stained with hematoxylin and eosin. For the estimation of the number of ganglion cells, counting was performed with optiscan and optilab software. Four sections of each eye were used for measurements. Ten animals were used in each group. Results are presented as mean AE SEM. The nonparametric ANOVA test was used to estimate the significance of the results.
